Three approaches were employed to identify the amino acid residue(s) that is responsible for the different effects of dietary proteins on the plasma cholesterol level in rats fed cholesterol enriched diets. 1) Experiments on the effects of individual amino acids added to a 25% casein diet showed that sulfur-containing amino acids have the most potent effects on the plasma cholesterol level. Under the dietary conditions used, methionine significantly increased the level of plasma cholesterol while cystine decreased it. It was found that glycine can prevent the methionine-induced enhancement of plasma cholesterol. 2) There was a significant negative correlation between cystine content of dietary proteins and plasma cholesterol levels when animals were fed 7 kinds of animal and plant pro teins. 3) Experiments with amino acid mixtures varying in methionine, cystine, and glycine content showed that diets high in methionine and low in cystine and glycine content tend to increase the plasma cholesterol level and diets of opposite ami no acid content tend to decrease the plasma choles terol level. From these results, it was suggested that sulfur-containing amino acids and glycine in dietary proteins are responsible, at least in part, for the alteration of plasma cholesterol level by dietary proteins.
It is confirmed that the plasma cholesterol level is influenced by dietary proteins in experimental animals and humans (1) . There exist two principal explanations for the differential effects of dietary proteins of different origins on the plasma cholesterol level; the difference in amino acid composition of proteins, and the difference in physicochemical properties of digestion products of proteins in the lumen. However, it appears that the conclusive results have not been obtained as yet.
We have conducted a series of experiments to elucidate the significance of amino acid composition of dietary proteins in the regulation of plasma cholesterol. Three methods of approach were employed for the identification of amino acid residue(s) that is responsible for the effect of dietary proteins on the level of plasma cholesterol; 1) experiments on the effects of individual amino acids added to diet to clarify which amino acid has the most intense effect on the level of plasma cholesterol, 2) experiments with various dietary proteins to obtain correlation, if any, between content of each amino acids in dietary proteins and plasma cholesterol levels, and 3) experiments with amino acid mixture diets to confirm whether alteration in specific amino acid content can modify the level of plasma cholesterol.
Effects of individual amino acids
Male rats of the Wistar strain, weighing about 100g, were used throughout all the experiments. They were fed experimental diets ad libitum for 2 or 3 weeks. The composition of basal diet is described elsewhere (2) . In brief, the basal diet contained 25% casein, 15% lard, 1% cholesterol and 0.25% sodium cholate.
When 18 amino acids were added singly to the basal diet at a 5% level, the plasma cholesterol level was significantly influenced by about half of the amino acids tested, as shown in Table 1 (2) . When the amino acids, which had a significant effect at the 5% level were added to the diet at the 1% level, the plasma cholesterol level was influenced only by sulfur-containing amino acids (methionine and cystine). Similar results were obtained even at a lower addition level (0.5%). Of interest is that methionine and cystine affected the level of plasma cholesterol in an opposing manner at low addition levels; methionine increased the level of plasma cholesterol, whereas cystine decreased it. These results suggest that, of all the amino acids constituting dietary proteins, sulfur-containing amino acids have the most potent effect on the regulation of plasma cholesterol. Although the addition of methionine to a high casein (50%) diet containing cholesterol also increased the level of plasma cholesterol (3), me thionine decreased the level of plasma cholesterol when added to a low casein (10%) diet containing cholesterol. Thus, it appears that the effect of methionine depends on the level of dietary casein. On the other hand, the addition of cystine to diets consistently decreased the level of plasma cholesterol irrespective of dietary casein level (3) . The alterations in the plasma cholesterol level caused by sulfur containing amino acids were mainly due to al terations in the cholesterol associated with lipo proteins other than high density lipoprotein (4) .
As shown in Fig. 1 , we found that the enhancement of plasma cholesterol level by dietary supplementation with 0.75% methionine can be prevented most effectively by the concurrent addition of 2.5% glycine, followed by serine (3) . The other amino acids tested had no preventive effect . Although glycine has a plasma cholesterol-lowering effect when added singly to the diet (3 , 5) , the effect was strengthened by methionine supplement . In other words, methionine has a plasma cholesterol lowering effect when sufficient glycine is included in the diet. It is known that glycine participates in the metabolism of methionine through the acceleration of metabolism of methyl-group of methionine . Hence, the results suggest that factors which affect the metabolism of methionine also affect the level of plasma cholesterol. Thus, of almost all the amino acids constituting dietary proteins, methionine, cystine and glycine appear to be the most important amino acids in influencing the level of plasma cholesterol. gluten and wheat gluten were fortified with lysine hydrochloride at levels of 0.5 and 0 .7%, respectively. As a whole, feeding plant proteins resulted in lower plasma cholesterol levels as compared with feeding animal proteins except for egg albumin which led to a low plasma cholesterol level despite its animal origin. As shown in Fig . 2 , a significant negative correlation (p<0 .05) was observed only between plasma cholesterol levels and the cystine content in diets (proteins) (6) . The results indicate that higher cystine content in dietary proteins leads to lower plasma cholesterol levels irrespective of animal or plant origin at least under the dietary conditions employed , especially in cholesterol enriched diets. In this regard, Jacques et al . (7) have shown that there is a significant positive correlation between serum cholesterol levels and the tyrosine content in dietary proteins in rats fed cholesterol enriched diets containing various protein at a 15% level.
In rats fed cholesterol-free diets , on the other hand, Sautier et al. (8, 9) have shown that there are significant correlations between serum cholesterol levels and the content of several amino acids in dietary proteins. They found that serum cholesterol levels have a significant positive correlation with tyrosine and glutamic acid , and a negative correlation with cystine and alanine when four kinds of animal and plant proteins were fed (8) . They also found that serum cholesterol levels have a positive correlation with proline and methionine , and a negative correlation with arginine when eight kinds of protein were fed (9) . Thus , the results so far presented are not consistent, probably because of differences in dietary and experimental conditions , e.g., presence or absence of exogenous cholesterol in the diet.
Effects of amino acid mixtures
Casein is one protein which leads to higher plasma cholesterol levels and wheat gluten one protein which leads to lower plasma cholesterol levels in rats fed cholesterol-enriched diets , as shown in Fig. 2 . One of striking differences in the amino acid composition between casein and wheat gluten is that casein contains higher amount of methionine and lower amounts of cystine and glycine as compared with wheat gluten .
As shown in Table 2 , feeding a casein-like amino acid mixture resulted in an increased level of plasma cholesterol as compared with feeding a wheat gluten-like amino acid mixture as well as feeding intact proteins did in rats fed cholesterol-enriched diets (10) . When the composition of only 3 amino acids (methionine, cystine and glycine) was con verted from the casein type to the wheat gluten type in the casein-like amino acid mixture , the level of plasma cholesterol significantly decreased. On the contrary, the opposite treatment in the wheat gluten-like amino acid mixture significantly in creased the level of plasma cholesterol . Thus, the results indicate that the plasma cholesterol level can be freely altered by changing the composition of only 3 amino acids in the diet. Table 3 shows the effects of casein-like and wheat gluten-like amino acid mixtures containing different amounts of methionine , cystine and glycine on the level of plasma cholesterol (6) . In the casein-like amino acid mixture , increasing the cystine content at the expense of methionine significantly decreased the level of plasma cholester ol. On the other hand, in the wheat gluten-like amino acid mixture, the replacement of cystine with methionine significantly increased the level of plasma cholesterol. The addition or deprivation of glycine tended to affect, while not significant, the level of plasma cholesterol. These results suggest S108 K. SUGIYAMA and K. MURAMATSU Mechanisms of effects of sulfur-containing amino acids and glycine Since phosphatidylcholine (PC) is a major phospholipid of plasma lipoproteins, PC biosyn thesis is required for the assembly and secretion of very-low-density lipoprotein in the liver cells (11 biological effects of methionine arise either from the methyl-group or the sulfur portion of the amino acid. It is likely that the plasma cholesterol-elevating effect of methionine due to its methyl-group is stronger than the plasma cholesterol-lowering effect of methionine due to its sulfur portion in many cases. It is of interest to know which amino acid , methionine or cystine, is more important in the regulation of plasma cholesterol level. As shown in Fig. 2 , the diet containing egg albumin, which con tains high amounts of methionine and cystine , led to a lower plasma cholesterol level. This indicates that the plasma cholesterol-lowering effect of cys tine is rather strong even in the presence of relative ly high amounts of methionine in rats fed cho lesterol-enriched diets. Although glycine can be a substrate for bile acid conjugation in the liver, its plasma cholesterol lowering effect cannot be fully explained in terms of augmentation of bile acid excretion into feces (16) . We have demonstrated that glycine can depress the activity of PE N-methyltransferase and the in corporation of methyl-group of methionine into PC in rat liver (17) . Therefore, the depression of PC biosynthesis is considered to participate in the effect of glycine, especially in the preventive effect of glycine on methionine-induced enchancement of plasma cholesterol level. Figure 3 illustrates the possible mechanisms of the effects of sulfur-containing amino acids and S110 K. SUGIYAMA and K. MURAMATSU glycine on the metabolism of cholesterol in the liver.
